This review discusses the properties of structural defects in quantum dots of IIB-VI semiconductors. A great part of this knowledge has been developed in the last years and combined with the improvement in passivation technologies has contributed significantly to the nanotechnology.
generation rate, ã R rate of radiative recombination, ã NR rate of nonradiative recombination, ã tr rate of electron trapping to the level, ã de-tr rate of electron escape from the level.
Introduction
The ability to understand defects is of great importance in a wide range of applications of quantum dots (QDs). Commercial devices with QDs are now entering the market, and their application makes significant progress in various areas, including medical labeling, lasers, solar cells, etc. Nevertheless, a complete understanding of the microscopic nature of defects and the mechanisms of their formation and passivation is not yet available, and defects continue to some extent reduce quantum yield (QY) and lifetime of devices.
The wide bandgap II-IV halcogenides semiconductors, CdTe, CdSe, and CdS, have gained great interest of researchers for decades [1] . They are successively used for light emitters and detectors, substrates for epitaxy, thermoelectric converters, radiation detectors, etc. Nanocrystals (NCs) of these materials in glasses have been used for a long time for optical filters [1] [2] [3] [4] . But the most important is that the optical and electronic properties of these semiconductors can vary with decreasing the size of NCs. When the size of NCs is comparable with the Bohr exciton radius, an exciton movement is spatially restricted due to quantum confinement effect [5] [6] [7] . Arbitrarily, small, mostly spherical NCs with a radius less than the Bohr exciton radius also referred to as quantum dots (QDs) in which carrier motion is restricted in all three dimensions. QDs are already well-known phosphors, bearing considerable potential for novel optoelectronic devices and light emitters.
In QDs of the IIB-VI group, the bandgap can be tuned in a wide range from 1.5 up to 5 eV, and the exciton recombination exists even at room temperature. Nevertheless, an important issue of such materials is non-radiative and radiative recombination channels enforced by the increased role of the surface and interface deep level defects.
As to "defects" in QDs, they, in general, can be defined similar to the bulk material as a break in the lattice periodicity, but for the purposes of present review, this definition appears too general. Thus, we will not include impurity as a defect, because it is often very difficult to introduce them into QDs deliberately, and it is not obvious whether an impurity atom is located in a QD at a proper lattice site (cation or anion, or as an interstitial atom), or at the QDs surface. Concentration of impurities must be too high, to have at least one atom of an impurity in every QD. Consequently, for practical purposes, the term 'defect' will not mostly consider a single impurity in a QD, as well as a host atom in the interstitial position. We will mostly discuss such defects as dangling bonds of the host surface atoms and vacancies of these atoms inside of a QD. The present review includes those defects and materials on which the most extensive work has been done over past decade.
Extensive research focusing on defects in bulk IIB-VI semiconductors goes far back in the 70's, and they has resulted in a quite good understanding of deep levels defects [8, 9] . The renewed interest in defects in QDs is due to the necessity of increased quality of the light emitters. Normally, the radiative or nonradiative recombination in deep level defects competes with the recombination in the intrinsic excitonic states of QDs at high temperatures.
Already, in the very early investigations it has been back grounded that a surface in QDs represents an area with cation and anion dangling bonds, and various methods of surface passivation have been developed to eliminate influence of these defects on recombination [7, 10] . Nevertheless, as it was firstly predicted theoretically, intrinsic deep levels may exist even in well passivated QDs [11, 12] . During the last years, specific deep-level luminescence was consistently observed in CdTe and CdSe QDs [13] [14] [15] [16] [17] [18] [19] [20] .
Sub-bandgap deep electronic states have also been detected using surface photovoltage spectroscopy, atomic force microscopy, and cyclic voltammetry in CdTe and CdSe QDs [21] [22] [23] [24] [25] .
An analysis of defects in QDs forms the basis of this review. Such an interest in defect is fueled, obviously, by their negative influence on excitonic processes in QDs which are the main radiative channel used for the light emission. Namely, defects with deep levels are responsible for additional recombination of electron-hole pairs in QDs. Because of this, they can be revealed by sub-bandgap emissions, or through their influence on the excitonic emission excitation-power dependence. Namely, it was demonstrated that the activation of trapping on deep levels with temperature, decreases the carrier lifetime in QDs [20, 26] .
In this review we emphasize on deep-levels in colloidal CdTe and CdSe QDs, simply, having in mind that they are the most studied objects. Nevertheless, while colloidal QDs offer some advantages, there are questions with their integration into current technology of production of the light emitting diodes (LED). In particular, difficult compatibility with the device fabrication cleanliness, especially this is essential for the QDs that are capped by organic groups [27] . The growth of QDs by molecular beam epitaxy (MBE) overcomes these difficulties, but it has difficulties in a specific combination of substrate-deposited materials for the desired lattice mismatch. Moreover, MBE does not yield the uniformity of size and spherical shape obtained with colloidal growth. Methods of IIB-VI QDs production lately have been explored, aiming vacuum technology compatibility, by the buffer-layer-assisted growth (BLAG), developed by Weaver and co-workers [26, 28] , which affords growth of a material on a substrate of choice with control over particle size and shape.
In this review, an attempt was made to present an overview of the results achieved by many researchers who have contributed to the understanding of defects in QDs, focusing on the achievements in IIB-VI QDs. Of course, not all results deserving discussion are included in the article, but those ones that are the most familiar for us. In addition, as it often can be seen in many reviews, we tend to demonstrate the results of our own work. We apologize for all these errors in advance and express our hopes that this brief review will follow by the more comprehensive ones in which problems of defects in QDs will be generalized and described more deeply.
The importance of this brief review, as we can see it at the modern stage of the development of QDs emitters, is in the highlighting of natural mechanisms that can restrict the maximum value of QY in the regimes of high excitation, as well as various native defects in QDs. Concerning the defects that arise as a consequence of intentional doping of QDs, we avoided this discussion because up to now the study of such defects in IIB-IV QDs is rather difficult, and information is very scare. Moreover, an interaction of a dopant with native defects in QDs is completely unknown field.
Quantum confinement effect

General description
The quantum confinement effect in low dimensional semiconductor systems was described about twenty five years ago by Efros and Brus [5, 6] . In the last decade, comprehensive, well written reviews appeared which are concerned with quantum confinement effects in various semiconductors with the emphasis on the optical properties, including absorption and luminescence, can be found elsewhere in the literature [10, 29, 30] . Obviously, confinement for an electron and hole in nanocrystals significantly depends on the material properties, namely, on the Bohr radius, in a semiconductor with the great exciton Bohr radius a B , this effect takes place in bigger nanocrystals. For example, such a semiconductor as CuCl has very small a B = 0.7 nm, ZnO has medium a B = 2.34 nm and a B of about 10 nm have Cd related compounds such as CdTe, CdZnTe, and CdTeSe. In an extreme case, such as InSb, a B is very large, that is a B = 60 nm.
One of the most important consequences of the spatial confinement effect is an increase in energy of the band-toband excitation peaks (blue shift) as the radius R of a microcrystallite semiconductor is reduced in relation with the Bohr radius. Theoretically, the regimes of quantum confinement which are experimentally interesting differ in their main electron-hole interaction energy, that is, the Coulomb term, and the confinement energy of the electron and hole, the kinetic energy [5] .
Weak confinement regime
To observe this regime, the radius R of a crystallite should be greater than the bulk exciton Bohr radius a B . In this regime of weak confinement, the dominant energy is the Coulomb term, and there already occurs a size quantization of the exciton motion. The exciton energy states are shifted to higher energies by confinement, and the shift in energy ÄE is proportional to 1/R 2 . The shift ÄE of the exciton ground-state is given approximately by
where M is the mass of the exciton, and it is given by M = m * e + m * h , with m * e and m * h being the effective masses of the electron and hole respectively.
Moderate-confinement regime
This regime occurs when R » a B , and a h < R < a e , where a h and a e are the hole and electron Bohr radii, respectively. In IIB-VI semiconductors, this regime is well observable in small QDs. Its characteristic feature is well restricted motion of a photo excited hole.
Strong-confinement regime
Finally, the size of a QD can be decreased in such a way that R << a B , and R << a h , a e . The Coulomb term of electron-hole interaction is now small and can be ignored or treated as a perturbation. The electrons and holes can be thought of as confined independent particles, so excitons are not formed and separate size quantization of an electron and hole is the dominant factor. The optical spectra should then consist of a series of lines due to transitions between sub-bands. This fact was confirmed experimentally, and the simple model gives the shift in energy as a function of crystallite size as
in which the exciton mass M is replaced by the reduced exciton mass ì, where
The electrons and holes in a QD are treated as independent particles, and for excited states there exists a ladder of discrete energy levels, as in molecular systems.
Binding energy of an exciton
The binding energy of an exciton in the bulk form of semiconductors depends on the Bohr radius and it can be expressed as [29] 
where Î 2 is the dielectric constant of semiconductor material, e is the charge of an electron, is the Plank's constant. The binding energy of an exciton also increases due to the confinement effect in QDs. The exciton binding energy E b , can be estimated by taking the difference between the sum of the single-particle energies for the electron and hole and the exciton energy in QDs, E b = E e + E h -E ex . This estimation is valid for QDs of various shapes, and E b increases with decreasing a QD size [35] [36] [37] [38] [39] [40] , thus making possible observation of the excitonic emission in small QDs with a strong confinement even at room and higher temperatures. As an example, Fig. 1 demonstrates the dependence of E b as a function of the radius R for CdS QDs calculated by Einevoll [39] .
Suitable materials for investigations of the confinement regime are the II-VI semiconductors for which a B values are relatively large. They can be produced of proper sizes in a simple way by the wet colloidal process with a small size deviation. Among IIB-VI semiconductors, CdTe is a direct band gap semiconductor with a band gap of 1.5 eV and the exciton Bohr radius of 7.3 nm (an exciton binding energy of 10 meV) [31] . Compared with CdS and CdSe, this material demonstrates a stronger quantum confinement effect for similar size particles [32] . For comparison, an exciton Bohr radius of CdSe is 5.4 nm (an exciton binding energy of 16 meV) [33] , and that for CdS is 2.5 nm (an exciton binding energy of 29.4 meV) [34] . Despite the fact that CdTe QDs are most suitable to obtain quantum confinement, the most studied are colloidal CdSe QDs due to easier synthesis process. The lesser studied are CdS QDs, because to obtain quantum confinement they must be very small, and their synthesis is poorly controllable.
Having the largest Bohr radius in the IIB-VI group, CdTe, on the other hand, has the smallest exciton binding energy and this hampers the excitonic emission at room temperatures. Fortunately, in the nanocrystal form of semiconductors, not only the gap between the lowest excited and the upper ground electronic state increases due to the confinement effect, but also increases the exciton binding energy, and this makes the excitonic emission stable against the temperature increase. In general, recombination of excitons in QDs leads to quasi-bandgap emissions that move to higher energy with decreasing the QD radius.
Effect of defects on emission in QDs 2.2.1. Quasi-molecular systems
In this case, due to the strong confinement a ladder of discrete energy levels have to be obtained in the excitation and emission spectra of very small QDs or quasi-molecules. Nevertheless, an interaction with defects makes the observed emission bands wide and they are centered at less energy than can be ascribed to the transition between the lowest empty state and the highest filled exciton state [41, 42] .
Theoretical estimations
There have been attempts to estimate the effect of defects on widths and positions of peaks in the optical spectra of clusters. For example, Ping and Dalal [43] have calculated the effect of a point charge trapped on a defect inside a cluster on the quantum-confined ground states of electrons and holes, and on electron-hole pairs. A simple approach includes the Coulomb term by adding the terms 
where a is the position of the point charge, r e and r h are the coordinates of an electron and hole inside the spherical cluster.
Other problems which have been treated are the role of surfaces and interfaces, but it is not intended to go into any of these details at this stage [44, 45] .
Defects in the bulk of QDs
Beside of surfaces and interfaces, defects of a crystalline lattice, similar to the defects in bulk semiconductors, can also be present in QDs. The principal differences between the bulk and nanocrystalline forms of semiconductor, nevertheless, exist when the size of nanocrystals decreases. Firstly, similar to the excitonic state, electronic level of defects may also experience influence of the confinement effect. Secondly, in QDs a significant part of atoms is located on the surface and their role in electronic processes increases when a size of QDs decreases. Namely, one can show that the number of surface atoms in a QD with a diameter of 4 nm constitutes about 30% of the total number of atoms in this QD [46] . Thirdly, doping of QDs is a rather challenging task. Indeed, a typical concentration of acceptors 10 19 cm -3 in a bulk semiconductor means less then one acceptor per volume of a QD. Thus, an introduction of various "useful" impurities in QDs is obviously a difficult task.
More advantageous for optoelectronics application may be native defects of lattice, but they are not well known, and surface defects usually are intended to be eliminated by passivation.
Theory of deep-levels in QDs
The quantum confinement effect should affect every electronic state within the QD, but not equally. For instance, electrons within a QD can be confined in different spatial regions, e.g., near the centre of a QD or near its surface, and in these different regions the spacing between energy levels changes not equally with the size of the QD. In contrast to the excitonic states, deep levels arising from the surface atoms almost do not 'feel' quantum confinement, their energy levels only weakly follow either the conduction band minimum (CBM) or the valence band maximum (VBM) [47, 48] (see Fig. 2 ).
Surface defects
It was shown in Refs. 47-49 that fully passivated QDs have no surface states in the gap. However, not complete passivation of anion-sites leads to an anion dangling bond state just above the valence band, which will act as a trap for photo generated holes. Similarly, removal of the cation-site passivation leads to a metal dangling-bond state below the conduction band. The energy of the dangling-bond states weakly depends on a quantum size effect.
Intrinsic gap states
Beside the surface states, the existence of intrinsic gap states (GS) in uncapped QDs has been predicted within the multiband effective mass theory. These states originate from Shockley-like surface states which, in small nanocrystals, extend over the entire crystal volume, facilitating their observation in absorption as well as in photoluminescence [50] . In large QDs, the GS is localized near the surface while it becomes increasingly extended over the entire internal volume of the QD with decreasing QD radius. However, these radial wave functions decay to zero near the surface within a length of the order of the unit cell.
The existence of GS depends on the band parameters of QDs. An analysis shows that intrinsic GS may occur in CdS QDs. Unlike the energy level of surface defects, energy of intrinsic gap states may follow the C-(V) bands with the QD size.
Impurity states
Impurity atom can be present in a QD, and may have an energy level in the bandgap. The added electron associated with the indium atom in a CdSe QD introduces an impurity state that, when substituted at either the center or a surface site. A particular state in QDs of different size that is localized either near the center or surface has been calculated. It was found that it is necessary for an impurity to occupy the centre of a QD in order to have electrically active states [51] .
Donor-acceptor pairs
In some cases, luminescence in QDs can be attributed to a photo generated, trapped electron tunneling to a preexisting, trapped hole. The range of tunneling distances is almost independent of cluster size, and the emitted photon energy E(hí) is
where donor and acceptor states, D + and A -, are measured with respect to the lowest delocalized excitonic state E x of the QD. E x , D + , and D -will depend upon diameter D. In the purely radiative tunneling decay, close pairs with small R emit faster and at higher energy than distant pairs, for fixed D [44] . Donor and acceptor states can originate not from impurities, but from native defects, namely surface atoms, or vacancies in various configurations [18] .
Experimental methods
Regarding measurements to characterize the structure and electronic properties of defects in QDs, there are many traditional techniques which are used for characterization of semiconductors [various microscopy, e.g., transmission electron microscopy (TEM), atomic force microscopy 
A.M and conductance spectroscopy
AFM technique allows imaging of patterned QDs into mesostructures using nanofabrication techniques, self ensembles of QDs, etc. AFM conductance spectroscopy (or conductive atomic-force microscopy, C-AFM) is a new technique that measures the current when a voltage is applied between a conductive tip and the surface of a sample [22, 55, 56] . Together with the topographic image of AFM, a current image using the AFM tip can be obtained. In addition, placing the tip on any point of the surface, and current -voltage (I-V) curves can be obtained. The advantage of C-AFM over other techniques is the high spatial resolution.
Electron paramagnetic resonance techniques
Electron paramagnetic resonance (EPR) is a powerful tool for studying the structure of defects, namely, their orientation in the lattice, environment, symmetry, etc. When EPR is combined with spectrally resolved source of light, in addition, the information about energy and type of electronic transition via the deep level of a defect can also be obtained. This combined method, so-called, optically detected magnetic resonance (ODMR) can be used in some important cases. In ODMR, the variation of photoluminescence intensity with applied magnetic field is measured. Another modification of EPR is, so-called, photo-EPR, when the EPR signal dependence on the light quantum is measured. Comprehensive reviews of these methods were written by Shneider, Watts, Cavenett [57] [58] [59] [60] , one can find in the literature also results of the use of these methods for II-VI nanocrystal materials [14, 15] . A general requirement for EPR measurements is 'sufficiently' sharpness of lines which permits to obtain information on the symmetry and environment of the defect. Unfortunately, the EPR lines are not sharp when measurements are carried out not on the single crystal, but on an ensemble of separate QDs. Thus, information from such measurements is limited.
Space charge technique
Capacitance techniques such as deep level transient spectroscopy (DLTS), [61] capacitance voltage (C-V), and thermally stimulated capacitance have the potential for revealing useful data on quantum-confined states. Little is known about the growth induced defects in the dots and the region around them. These defects may produce nonradiative recombination phenomena that would have a negative impact on the optical properties of the dots. DLTS measurements have been made on GaAs n-i-p diodes containing GaSb self-assembled quantum dots and control junctions without dots [62] .
Optical absorption techniques
Optical absorption spectroscopy is presently a standard procedure for characterization of nanoparticles. Absorption spectroscopy provides a large amount of information with the absolute minimum perturbation of an individual QD. However, absorption on a single quantum dot is a difficult experiment to carry out. The size-dependent absorption cross section of CdSe nanocrystal quantum dots have been measured on an ensemble of QDs. It was found that for absorption at the wavelength of 350 nm, the absorption cross section C abs (in cm 2 ) per particle for CdSe is C abs = (5.501×10 5 )R 3 cm -1 , where R is the particle radius in cm [63] . For many other QDs such parameter is still unknown. An example of correlation of absorption with excitation and emission in CdSe QDs was clearly demonstrated by Alivisatos et al. [64] . It was also shown that deep level absorption in QDs is absent; while a deep level luminescence can be easily observed [64, 65] . Absorption in QDs have helped to reveal the enhancement of electron-hole interaction due to the confinement effect [66] , intraband relaxation processes [67, 68] , to understand that the type-II QDs effectively behave as indirect semiconductors near the band edges [69] , to study carrier dynamics and mechanisms for resonant optical nonlinearities [70] [71] [72] , etc.
Photoluminescence techniques
Photoluminescence (PL) spectroscopy is a well used method for characterization when light is used for optical excitation of QDs. Among variants of PL, excitonic and deep level photoluminescence can be separated concerning the mechanisms of excitation and emission. This technique gives information about electronic transitions in QDs, nonradiative relaxation, quantity of electron-hole pairs per QD, etc. In particular, study of excitation dependence of time--resolved (dynamical) and steady-state photoluminescence gives information about biexcitonic, and multyexcitonic processes in QDs [18, 19, 44, 51] . Measurements of charging/recharging processes in a electrochemical cell which contains electrolyte and QDs provide information for suggesting if the trap is a hole trap or an electron trap, this is a peak of current which appears in a cyclic voltammetry spectrum at positive or negative bias. In a given neutral QD, the Fermi-level is positioned near the mid-gap, and the energy levels which are below of the F-level are filled in with electrons, while those levels which are above the F-level have no electrons, that is, they are empty. When QDs are dispersed in an electrolytic liquid, the common Fermi-level for this system can be considered in respect with the potential of a reference electrode at zero bias (V = 0). For example, relative to the C-band of QDs, the position of the F-level can be written as E F (0) = E C -1/2 E g -e(V = 0). Thus, at positive bias (+V > 0), the F-level position will be written as E F (+V) = E C -1/2E g -eV, and in equilibrium conditions, constant current flows through this system. When positive potential is gradually applied, and an equilibrium condition in the system is not yet reached, the F-level moves toward the C-band of QDs and crosses an empty donor level. At this moment, electrons tunnel from electrolyte to QDs and occupy this energy level, and the measured current reduces. This leads to appearance of a negative peak in the current-voltage spectrum. The greatest peak appears when the F-level crosses the C-band levels, that is, at the potential that corresponds to the energy difference between the initial position of the F-level (without bias) and the C-band edge.
Cyclic voltammetry (CV)
Applied negative potential, vice versa, moves the F-level towards the V-band edge, and makes the acceptor levels empty. This process produces positive peaks in a current-voltage curve, and the largest one corresponds to the V-band edge.
In general, cyclic voltammetry measurements are based on a charging of the QD capacity with electrons or holes, and they can be quantified (see Ref. 20 and references therein).
Photovoltaic effects
Photovoltaic effects in QD films have been studied using surface photovoltage spectroscopy similar to normal films of bulk semiconductors. The results show that nonnegligible electric fields can exist in QD films [21] .
Two extreme models for charge redistribution models may be envisage a drift like model and diffusion like model. Under the drift like model, the dominant current mechanism is drift in an electric field, as in a normal bulk crystal. Hence, the sign of photovoltaic response is dictated solely by the direction of the bend bending, which determines whether electron are swept to front surface and holes to the substrate, or vice versa. Under illumination, the bend bending changes so as to decrease the drift like component and increase the diffusion like component until in steady state they cancel each other. This model makes no difference between normal films and QD films except that in the latter the multiple surfaces may significantly alter the trapping statistic and/or the effective doping level.
Under the diffusion like model, the motion of excess charge carriers is initially dictated by their concentration gradient, namely, from the illuminated side toward the substrate. At the excess carrier diffuse, one type of carrier may be trapped more effectively than the other. Thus, the centers of charge of both carriers are separated and one type of carrier is, on average, closer to the substrate than the other. This leads to the formation of a potential drop (i.e., an SPV signal) and a drift like current opposing the diffusion like current.
Experimental results
In the present section, results on defects in QDs from three most widely used for the analysis of defects techniques are presented. These techniques are paramagnetic resonance, photoluminescence, and cyclic voltammetry. For much application, high quantum yield (QY) of the excitonic emission is very significant, and it really greatly increases in QDs due to spatial confinement of excitons. Nevertheless, two factors, which are minor ones in the bulk form of these materials, can reduce the probability of radiative excitonic recombination in QDs.
These factors are extrinsic and intrinsic ones. At low pumping excitonic recombination is deteriorated by the extrinsic factor which is radiative or non-radiative recombination on defects. This, first factor, is important in QD emitters. Really, in the R » 1.5 nm QD, around of 1/3 atoms are located on the surface and have dangling bonds, thus the role of surface defects is obvious. It is the well known fact that the excitonic emission dominates only in well chemically passivated QDs. But, nevertheless, the nature of defects which are responsible for the sub-bandgap emissions or facilitate nonradiative recombination in QDs is still not fully known.
At high pumping, an intrinsic non emitting Auger recombination process dominates in a QD. This Auger re-combination is possible due to creation of more than one electron-hole pairs per a QD. The latter is achievable easier in the nanosized form than in the bulk form of materials due to the spitted lowest C-band level, this increases probability to have more than one electron on this level.
When the concentration of defects in QDs is high, the Auger process develops at higher excitation power, thus demonstrating that part of excitation is dissipated on defects.
In what follows we summarized the known data about defects in IIB-VI QDs, and gave several examples of how band-to-band Auger recombination coexists with the recombination via defects in QDs.
Optically detected magnetic resonance (ODMR)
The present section describes attempts to disclose the recombination mechanisms which give rise to sub-bandgap emissions in the CdSe and CdS colloidal QDs, and to identify the recombination sites [14, 15, 73] .
The first study has been conducted on the polymer films, embedded either with 3.5-nm diameter CdSe (TOPO) or shelled CdSe/CdS (a 3.5-nm diameter CdSe core, and a 0.6-nm CdS shell) [14, 15] . Because the Bohr radius in CdSe is 5.5 nm, the confinement regime was fully realized in these QDs.
A representative PL spectrum of CdSe/CdS core-shell samples, excited above the CdS shell band-gap energy, is demonstrated in Fig. 3 . The spectrum in the figure consists of an excitonic band (centered at 2.15 eV) and an additional broad sub-bandgap emission at lower energies (centered at~1.70 eV). The ODMR spectra were selectively recorded by detecting the change in luminescence intensity at the sub-bandgap region due to a magnetic resonance event at the excited state. They were obtained by placing the samples in an optical cryogenic Dewar, at the center of a microwave cavity and at the center of an external magnetic field.
Representative ODMR spectra of the sub-bandgap band centered at 1.70 eV in CdSe/CdS are shown on the right column of Fig. 4 . They consist of two magnetic resonance signals (narrow and wide), ranging between 0.2 and 0.5 T. The left column in the figure demonstrates the simulated spectra, generated by the procedure discussed below.
CdS QDs, with an average diameter between 2.3 nm and 5.5 nm, were grown in phosphate glasses [73] . Taking into account that the exciton Bohr radius of CdS is 2.5 nm one can conclude that in these QDs the weak and moderate confinement regimes were realized. The absorption and photoluminescence (PL) spectra of the studied materials were recorded in the temperature range 1.4-300 K. Representative spectra, recorded at 1.4 K are shown in Fig. 5 , for the samples with average particle diameter of 2.6, 3.2, and 4.2 nm.
The luminescence sub-bandgap emission in Fig. 5 is shifted from the corresponding absorption edge by about 1.2 eV. This suggests that at least one of the recombining site has a deep state, preferably, associated with the structural defect. The ODMR spectrum of a sample with average particle diameter of 4.2 nm is shown in Fig. 6 .
This spectrum is composed of the central band and two asymmetric wings. The wings intensity changes upon a change in the experimental conditions (i.e., microwave modulation frequency, samples, etc.). Thus, the ODMR spectra are composed of an overlap of two events. Theoret ical simulation revealed that the luminescence band is associated with a recombination between trapped electrons and holes, at asymmetric sites, more likely located at the surface of the nanoparticles. The contribution of each event was simulated by the use of the following spin Hamiltonian (see Refs. 13-15 for details) 
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where the first and second terms correspond to the Zeeman interaction of the electron e and the hole h, the third term corresponds to an isotropic e-h exchange interaction, while the last term describes the crystal field splitting. In this equation, g is the g-factor, â = µ B m 0 /m*, m 0 is the free electron mass, S is the spin angular momentum, B 0 is the magnetic field, J is the isotropic exchange interaction, and D is the zero field splitting.
The contributing resonance events have different spin Hamiltonian parameters. The event which leads to the two wings in the spectra is associated with the weak e-h exchange interaction (J = 0.03 meV, D = 0.01 meV, g e = 1.909, g h = 2.035), while the second event corresponds to a stronger exchange interaction (J = 0.14 meV, D = 0.005 meV, g e = 1.93, g h = 1.98) that corresponds to a single resonance signal at the centre of the ODMR spectrum. The simulation required the consideration of anisotropic exchange and g-factors which facts suggest that the photogenerated electrons and holes are trapped at an anisotropic site.
Deep-level photoluminescence in CdTe and CdSe QDs
As it was mentioned in the Introduction, normally, even in well passivated QDs radiative or nonradiative relaxation of excitation via deep level states competes with the recombination in the intrinsic excitonic states of QDs at high temperatures, thus limiting the intensity of excitonic emission. Firstly, we discuss a deep-level photoluminescence in CdTe and CdSe. For the study of CdTe QDs, colloidal samples with R » 3.1 nm and R » 1.5 nm have been deposited into polymer. The bulk CdTe crystal investigated was Bridgman-grown [20] . As the Bohr radius of CdTe is about 7.3 nm, one can conclude that the strong confinement regime has been realized. bulk CdTe single crystal (top). The high energy peak in the spectrum of the smallest nanocrystalline sample occurs at E EX » 2.38 eV, its full width at half maximum (FWHM) amounts to 0.21 eV. This (inhomogeneous) width is assumed to arise from the radial size distribution ÄR/R of the CdTe QDs. Bigger CdTe QDs with R » 3.1 nm have a smaller size distribution and a narrower FWHM of about 0.16 eV. The bandgap of CdTe at 80 K is 1.59 eV and the sharp peak at this energy, prominent in the bulk CdTe spectrum, is assigned to excitonic emission. Similar to the bulk PL, exitonic emission is also very prominent in the spectra on CdTe QDs, peaking at 1.8 eV in CdTe QDs with R » 3.1 nm, and at 2.38 eV in the R » 1.5 nm CdTe QDs. As compared to bulk CdTe, the excitonic emission of the R » 3.1 nm CdTe QD sample is shifted to higher energy by 0.30 eV, as a result of the quantum confinement, see Fig. 7 . Such a large shift for relatively big QDs arises due to the large Bohr exciton radius in CdTe. We underline the appearance in the PL spectra of all three samples of two broad deep level emissions, labeled E1 and E2, see Fig. 7 . Their relative intensities depend on the samples and, remarkably, they also experience a shift to higher energy. These two defect PL bands are already detected in the bulk form of CdTe, but their intensity is substantially enhanced in the unpassivated QDs of CdTe.
The nanocrystalline CdSe samples used for the study of deep-level PL were spherical CdSe QDs, capped with trioctylphospine oxide (TOPO) [18] . Subsequently, thin films were prepared by drop casting of QDs from chlorophorm solution onto glass slides. The bulk CdSe crystal investigated was Bridgman-grown. Figure 8 shows the 80-K luminescence spectrum of the CdSe QD sample with R = 1.9 nm, contrasted to that of the bulk CdSe crystals. At 80 K, the band-gap of CdSe is 1.818 eV and the sharp peak at this energy, prominent in the bulk CdSe spectrum, is assigned to excitonic emission. Of importance is the appearance, similar to the CdTe QDs, of two broad deep level emissions, labeled E1 and E2, see Fig. 8 which can already be detected in bulk CdSe. The high energy peak in the spectrum of the nanocrystalline sample occurs at E EX = 2.12 eV @585 nm, its full width at half maximum (FWHM) amounts to 0.16 eV @47 nm. This (inhomogeneous) width is assumed to arise from the radial size distribution DR/R of the CdSe QDs. The intensity of the sub-bandgap emissions is substantially enhanced in the nanocrystalline sample, and this is a strong indication that the deep levels responsible arise from intrinsic lattice defects, not unexpected, in view of the much greater surface to volume ratio in QDs. As compared to bulk CdSe, the excitonic and sub-bandgap emissions of the CdSe QD sample is shifted to higher energy by 0.30 eV, as a result of the quantum confinement, see Fig. 8 .
The deep level luminescence bands have been decomposed into two Gaussian bands, E1 and E2, see Fig. 9 . Numerical results are compiled in Table 1 . These data show very clearly that E1 and E2 experience practically the same quantum confinement spectral shift as E EX . Fig. 8 . Luminescence spectrum at 80 K of nanocrystalline CdSe, R = 1.9 nm (bottom) as contrasted to that of bulk CdSe (top). Note that the intensity of the deep level defect (E1, E2) luminescence in the bulk CdSe crystal is expanded by a factor 20. Fig. 9 . Temperature dependence of the near band-gap luminescence E EX and deep level emission, E1 and E2, of the nanocrystalline CdSe sample. At room temperature, the deep level emission is seen to be practically quenched.
The temperature dependence of the sub-bandgap emission in the CdSe QD sample from 80 K up to room temperatures is presented in Fig. 9 . It is seen that above 150 K the deep level emission is thermally strongly quenched and the excitonic luminescence dominates.
In Fig. 10 , the deep level defect luminescence peaks E1 and E2 are plotted against the corresponding excitonic energy E EX . The data indicate a linear dependence, according to
Such behaviour is expected if the E1 and E2 emissions are caused by recombination from a shallow electron level with a hole trapped at a deep acceptor state, presumably a cadmium vacancy, V Cd , or a V Cd associated defect. Surprisingly, this dependence is valid for bulk crystals, QDs of CdSe and also for quasi-molecular particles of CdSe [41, 42] . This fact may indicate that the intrinsic states similar to the states predicted by Efros et al. [12] really exist in the nanoform of semiconductors.
Up to now, no well-grounded model for the microscopic structure of the ubiquitous luminescence center could be established. However, recently the V Cd -V Se divacancy centers model was proposed by Schneider et al. [18] that is strongly corroborated by the experimental results obtained in the wurtzite type CdSe QDs. First of all, the divacancy model explains the omnipresence of the E1 and E2 luminescence in bulk and nanocrystalline CdSe. Isolated monovacancies, V Cd and V Se , are acceptor and donor defects, and they have a strong tendency to associate.
The divacancy model also explains readily the occurrence of two deep level emissions E1 and E2, since in the wurtzite lattice of CdSe there are also two different types of V Cd -V Se associates: one type is oriented along the hexagonal c-axis; the other type is oriented along the basal Cd-Se bond directions. These two types of divacancies become energetically different, after trapping an electron-hole pair.
The electron structure of the V Cd -V Se divacancy centre in CdSe could be scaled from that of the isolated monovacancies V Cd and V Se , if such information on monovacancies, as usually obtained from magnetic resonance techniques (ESR, ODMR) would exist. However, there is no relevant work in the literature; apparently no intrinsic point defect in bulk CdSe has ever been identified by ESR or ODMR [58- 61, 75] . Some features of the V Cd -V Se divacancy in CdSe have been predicted from that of the cation monovacancy V Zn in ZnSe and from that of the anion monovacancy V Se in ZnSe which have been investigated in detail [18] .
In cubic ZnSe, the isolated cation vacancy V Zn was found to undergo a trigonal static Jahn-Teller distortion after trapping a hole, which is then strongly localized at only one of the four selenium ligands. This is indicative of strong electron-phonon coupling, as observed for the deep acceptor involved in the E1, E2 emissions in CdSe.
In contrast, the anion vacancy V Se in ZnSe is expected to preserve cubic symmetry after trapping an electron, as typical for an F + -center, where the electron is spread equally over the four zinc ligands around the anion vacancy. From these data, a tentative model for the electronic structure of the V Cd -V Se divacancy center in CdSe can be constructed. We assume that the hole is strongly localized at only one of the three Se-ligands around V Cd , as a result of the Jahn-Teller distortion. On the other hand, the electron has two possibilities of being trapped at a Cd-ligand 
After electron-hole annihilation within the divacancy centre a photon is created according to hí = U (E1, E2) . This determines the energetical position of the zero-phonon line. However, because of strong electron-photon coupling, as manifested by the large Huang-Rhys factor S = 18, it has practically zero intensity, e -S . The maximum of the luminescence hv(E1, E2) is then Stokes-shifted from the position of the zero-phonon line to lower energy by S LO × hw = 0.468 eV. It follows from Eqs. (9a) and (9b) that
and
Experimentally, it was found for the bulk CdSe crystal hv(E1) = 1.30 eV, hv(E2) = 1.05 eV, and hí(E1) -hí(E2) = 0.25 eV. These values are smaller than the theoretical prediction by factor of about 2. This discrepancy can be removed by a reduction of the Coulomb energies, U(E1) and U(E2) in Eqs. (10a) and (10b), due to delocalization of the trapped electron around the V Cd -V Se divacancy. This delocalization, characteristic for a shallow electronic trap, is also evidenced by the quantum confinement shift of the E1 and E2 luminescence.
Intensity excitation dependence of the photoluminescence in QDs
One of the remarkable properties of the PL in CdSe QDs is saturation of the excitonic and deep-level luminescence when more than one exciton is generated per QD [13, 19, 20, 26] . Figure 13 shows a representative set of the PL spectra from the film of wurtzite 1.9-nm radius CdSe QDs at 295 K measured at the increased excitation power. The analogous spectra, recorded at two different excitation powers, have been reported also for zinc blend CdSe QDs (R = 2 nm) prepared by chemical solution deposition (CD) [13] . In general, the spectrum of wurtzite CdSe QDs differs from the spectrum of the zinc blend CD CdSe QDs in two aspects:
• due to a better surface passivation, the band-to-band (excitonic) line is more intensive in wurtzite CdSe QDs than in CD QDs,
• instead of one, wide and structureless deep-level PL band of the zink blend CdSe, two well resolved PL bands have been observed in wurtzite CdSe QDs. The spectra presented in Fig. 12 also demonstrate another important feature, namely, that the PL intensity at every wavelength increases at the same rate that is, the intensity-power dependencies are identical for the excitonic and deep-level emissions. This fact is especially important for an analysis of the deep-level PL emission.
The intensity-power dependences of the integrated spectral area at various temperatures are shown in Fig. 13 for 1.9-nm and 3.2-nm CdSe QDs at 80 K and 295 K, respectively. In Fig. 13 , the PL intensity saturates for bigger QDs at lower power. The results shown in Fig. 13 cryostat immediately after a drop casting. The integrated intensity of 3.2-nm QD was lower than that of the 1.9-nm QD at the entire region of excitation intensity, despite a more pronounced deep-level emission in the 3.2 nm QD. Figure 13 demonstrates also, that the integrated intensity at RT is less than it was at 80 K, and that the intensity-power curves saturate only at 80 K. Note, that the intensity-power curve for 3.2 nm QDs at RT (open circles) is sublinear and it obeys the power law, I PL » I EX ã , with ã = 0.8, where I PL is the total spectral area, and I EX is the excitation power. Solid lines in Fig. 13 represent simulation, and they are linear in the presaturated region.
Theoretical fitting of the emission-excitation dependence
The observed PL saturation at 80 K is explained by generation of more than one excitation per particle under the experimental conditions. The population of QDs is a random process [76] . The mean number of excitons per QD at cw excitation can be written as
where ô ex is the lifetime of an exiton, ó is the QDs absorption cross-section, E(hí) = 2.54 eV is the energy of quantum at 488 nm, A is the beam cross-sectional area, and P is the laser power. In general, the total decay rate of excitation (1/ô ex ) is a sum of the radiative (1/ô R ) and non-radiative (1/ô NR ) decay rates, 1/ô ex = 1/ô R + 1/ô NR . Based on our results, such as high PL intensity and reverse dependence between the excitonic and deep-level emission, we supposed that at 80 K 1/t NR =0, ô ex reaches its maximum value of ô ex » ô R » 50 ns (see the results of Crooker et al. in Ref. 77 ). The absorption cross--sections at 488 nm could be taken from Ref. 64 as ó(1.9 nm) = 10 -15 cm 2 and ó(3.2 nm) = 8×10 -15 cm 2 , respectively. With a laser spot size of » 20 µm and power of 5-100 mW, a number of e-h pairs per QD could reach 2 and 14 in QDs with R = 1.9 and 3.2 nm, respectively. The exitonic emission saturates at such powers due to beginning of band-to-band Auger recombination.
At room temperature, ô ex is shorter than it is at 80 K due to dissociation of excitons and nonradiative recombination of charges. Because of this, at the laser power used in this work, the condition of generation more than one excitation per QD was not fulfilled at RT and the PL saturation was not observed (see, curves corresponding to the 295 K in Fig. 13) .
The second significant feature of the intensity-excitation dependence at RT is its sublinear dependence, I PL » I EX ã , with ã = 0.8-0.9 (see Fig. 13 ). It was observed in the measurements of PL and absorption by Klimov et al. [78] and El-Sayed et al., [79] and explained by a decrease in light absorption in the charged QD with an electric field. An electron (hole) can be trapped by a surface defect only when it has enough energy to overcome a potential barrier or tunnel through it. At RT, a lot of QDs are charged thus reducing the average cross-section of light absorption. Consequently, the PL intensity-excitation dependence at RT should be sublinear. At 80 K, such trapping events in an ensemble, QDs are rare and the intensity-power dependence is linear, see Fig. 13 .
For a numerical fit of the PL intensity-excitation curves we used the following approach. When n QDs from a given ensemble are illuminated with the monochromatic light of the power P, a number of excitation in QDs is different and it obeys the Poisson distribution [76, 79, 80] 
where, I total is the integrated spectral area, C(T) and ä(T) are the fitting parameters and P is the laser power. The experimental curves measured at 80 K in films with 1.9 and 3.2 nm radii QDs are shown in Fig. 13 by solid squares and circles, respectively. They were fitted with á 1 (80 K) = 0.03 and ä 2 (80 K) = 0.05. With these values of ä, the cross-sections ó(1.9 nm) = 10 -15 cm 2 , ó(3.2 nm) = 8´10 -15 cm 2 , we computed the lifetimes, ô ex (1.9 nm) = 38.4 ns and ô ex (3.2 nm) = 8 ns using Eq. (11). The obtained ô ex (1.9 nm) agrees well with the radiative lifetime at 80 K reported earlier for similar CdSe QDs by Klimov et al. [72] .
The RT experimental curves (open squares and circles) were well fitted with ä 1 (295 K) = 0.009 and ä 2 (295 K) = 0.003, respectively for the 1.9-nm and 3.2-nm radii QDs. Such small values of á correspond to the shorter ô ex at RT than at 80 K due to nonradiative recombination which significantly reduces PL intensity.
A more detailed analysis of intensity-excitation dependence, which includes nonradiative recombination and trapping, can be made in a framework of a three-level model [81] . The energy scheme is presented in Fig. 14 , where the levels for holes and electrons are denoted as 1 and 2 , respectively, and the trapping level is denoted as 3 . The system of equations for the ensemble-averaged populations, n 1 , n 2 , and n 3 , in a steady state can be written as 
dn dt n n tr de tr
n n n
Where ã 12 is the generation rate, ã R = 1/ô R and ã NR = 1/ô NR are the rates of radiative and nonradiative recombination, ã tr and ã de-tr are the rates of electron trapping and escape to/from the n 3 level. In a case of small trapping, g tr /g de-tr << 1, the photoluminescence intensity in steady--state is
Trapping of electrons for a long time causes blinking of emission in every QD and reduces an average PL intensity from an ensemble of QDs [82] . To analyze blinking, one has to add an additional term ã tr /ã de-tr in Eq. (17) . 
As an example, in Fig. 15 , the calculated population n 2 against the excitation ratio, ã 12 /ã R + ã NR , for two values of ã NR at ã tr /ã de-tr =1 (solid and dash lines) was plotted. The PL intensity-power curve measured at 80 K for the 1.9-nm radii QDs (solid circles) was well fit with ã tr /ã de-tr =1 and ã NR » 0, while the RT curve (open circles) was fit with ã tr /ã de-tr = 1 and ã NR = 5ã R , corresponding to the observed five fold decrease in PL intensity. The results demonstrate that nonradiative recombination significantly decreases the population of CdSe QDs at RT.
In this calculation, the ratio ã tr /ã de-tr = 1 was selected tentatively and it corresponds to the case when blinking makes an average PL intensity twice lower than its maximum value. A real relationship between trapping, intermittency in a single QD and the intensity of PL emission from an ensemble of QDs is still unknown [82, 83] . It is also unknown if blinking is also present in a deep-level emission.
Photo-aging of the CdSe QDs
The CdSe QD samples were photo-aged at 100 mW during 1-6 h at various pressures P and temperatures T. At P = 10 -5 torr and T = 80 K, the PL spectrum remained unchanged during six hours, but at P = 10 -3 torr and T = 295 K, for the same time the excitonic emission dropped significantly. Figure 16 shows a typical room temperature photo--aging of 3.2-nm radius QDs film after 1, 2, 3, and 6 hours, when the only excitonic band decreased, while the deep--level emission practically remained unchanged. The inset in this figure shows the aging curves of excitonic (A) and deep-level (B) emissions. Similar darkening effects have been also previously observed [84, 85] . The absence of a blue shift in the spectra of photo-aged NCs in Fig. 16 suggests that the photoinduced defects did not cause a reduction in the QD volume due to oxidation, while the degradation of excitonic emission points to destruction of a surface passivation layer.
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Spatial mapping of PL intensity in CdSe QD film
The intensities of the excitonic I ex and deep-level emissions I deep were measured in a spatially resolved mode for the entire NC film. The intensity of I deep was quite weak in some areas, while the intensity of I ex in these areas was strong. Such a reverse dependence was only observed at 80 K, but not at room temperature. In Fig. 17 , the I deep is plotted as a function of I ex for the film of 1.9-nm radius QDs at 80 K and 295 K for 1054 measured points. From this figure, an inverse correlation between I deep and I ex at 80 K is obvious, which can be expressed by the equation I ex (80 K) = C -I deep (80 K) , where C is the constant which represent an integrated spectral area. At room temperature this expression is not valid and the values of C are small and not constant over the QD film. These results can be explained supposing that the rate of nonradiative recombination at 80 K is quite small, but with the temperature increase up to RT, it is comparable with the rate of radiative recombination. The rate of non-radiative recombination at RT varies across the QD film due to inhomogeneity of aging and variation of the density of defect states in every ensemble of exited QDs.
Conclusions
In general, the issues which have been addressed in this review are the defects in QDs of IIB-IV semiconductors and such physical effects as deep-level luminescence, non-radiative recombination and photo-aging. These defects can significantly reduce the quantum yield of QD emitters, especially those which work at high level of excitation, when more than one electron-hole pair per a QD can be generated. In these conditions, the Auger recombination and recombination through defects reduce the upper limit of brightness of QDs emitters, and special measures for the defect passivation must be undertaken.
As for the experimental methods used to study defects in QDs, most of them have been widely used for characterization of defects in the bulk form of semiconductors, but some of them have specific features when applied for the characterization of defects in QDs.
An important problem which was not touched in this review is true equilibrium of defects in QDs. Because at present time, useful technological methods for passivation of defects are becoming better developed, defect in QDs are not as harmful as in the bulk counterparts. Many of the defects have been essentially eliminated in QDs. But, no doubt, the immediate next point is that about defect motion at room and higher temperatures and at high excitation. It is apparent also that surface defects experience influence of electric field in an interface of a QD with the capping layer. Thus, it is very difficult to expect 'frozen' state of defects in QDs.
A remaining remark is that defects in QDs are now under continuous intensive investigation and, obviously, a considerable progress has already been achieved. In this brief review only a small fraction of works, mainly those which dealt with defects in IIB-IV QDs has been discussed. Opto 
